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Abstract: 
On the efforts of enhancing the spin orbit interaction (SOI) of graphene for 
seeking the dissipationless quantum spin Hall devices, unique Kane-Mele type SOI 
and high mobility samples are desired. However, common external decoration often 
introduces extrinsic Rashba-type SOI and simultaneous impurity scattering. Here we 
show, by the EDTA-Dy molecule dressing, the Kane-Mele type SOI is mimicked with 
even improved carrier mobility. It is evidenced by the suppressed weak localization at 
equal carrier densities and simultaneous Elliot-Yafet spin relaxation. The extracted 
spin scattering time is monotonically dependent on the carrier elastic scattering time, 
where the Elliot-Yafet plot gives the interaction strength of 3.3 meV. Improved 
quantum Hall plateaus can be even seen after the external operation. This is attributed 
to the spin-flexural phonon coupling induced by the enhanced graphene ripples, as 
revealed by the in-plane magnetotransport measurement. 
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Intense efforts have been made on enhancing the spin orbit interaction (SOI) of 
graphene because of the potential quantum spin hall (QSH) effect1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 
12, 13, 14, 15, 16, which was firstly proposed on graphene and recently demonstrated in 
HgTe/CdTe quantum wells 5, 8, InAs/GaSb,11, 13 single-layer FeSe15 and monolayer 
WTe2 systems16. The critical obstacle for the graphene’s QSH is that the chemical 
potential has to be tuned into the SOI-generated gap of the Dirac cone. However, the 
SOI gap is very small for pristine graphene, i.e. ~10-5 ~ -6 eV17, 18. The SOI-enhancing 
proposals include functionalizing the graphene with some light atoms, e.g. 
hydrogenated graphene 19, 20 and fluorinated graphene 21, decorating the graphene with 
metallic atoms, such as In 22,  Au 23, 24, and attaching graphene to strong spin-orbit 
coupling materials, such as Bi2Te2Se25, Bi2Se326 and have been implemented with the 
improved SOI of ~10-2 eV 9, 19, 21, 22, 23, 24, 25, 26, 27, 28, 29.  
However, in order to achieve the QSH, the SOI type has to be the Kane-Mele 
(KM) desired type with the Hamiltonian of ~𝜏𝜏𝑧𝑧𝜎𝜎𝑧𝑧𝑠𝑠𝑧𝑧, because the common Rashba 
SOI (~𝑧𝑧 ∙(𝑠𝑠 × ?⃗?𝜎)) may break the QSH transport by mixing different branches of spin 
channels17. This is reasonable since the KM type SOI is originated from the symmetry 
of the graphene honeycomb lattice. Furthermore, the above external decoration may 
simultaneously suppress the mobility of graphene and subsequently destroys rather 
fragile QSH edge states.  
Here we show that the KM type SOI can be mimicked by a spin-flexual phonon 
coupling picture, which is implemented by dressing the graphene devices using 
Na[Dy(EDTA)(H2O)3]·5H2O (EDTA-Dy) molecules. The Elliot-Yafet (EY) plot of 
spin scattering time and carrier elastic scattering time gives the SOI strength of 3.3 
meV. The graphene devices even present improved half-integer quantum Hall 
transport after externally dressed.  
 
Improved transport after the external dressing of EDTA-Dy 
The graphene device was fabricated on a single crystal grain of chemical vapor 
deposition grown graphene sheet (Figure 1(a)). The EDTA-Dy is a kind of stable and 
aqueous soluble dysprosium complex molecule. Fig. 1(b) shows its infrared spectrum, 
where the characteristic peaks positioned at 3430, 1610, 1380 and 1100 cm-1 are 
respectively the stretching vibration mode of O-H in coordinated water molecules or 
free water molecules, C=O in EDTA ligand, C-O in the carboxyl of EDTA ligand and 
N-C in EDTA ligand. This points to the characteristic coordinated anion 
[Dy(EDTA)(H2O)3]-, a cation Na+ and five lattice water molecules as shown in the 
inset of Fig. 1(b). Fig. 1(c) shows the Raman spectrum of EDTA-Dy dressed graphene, 
where the 2D/G peak ratio is 1.44 and the full width half maximum (FWHM) of the 
2D peak is 25.01 cm-1. These confirm the monolayer thickness of the graphene sheet. 
Transport parameters of the four measured devices are listed in Table I. 
Fig. 1(d) shows the relationship between the longitudinal resistance (Rxx) and back 
gate voltage (Vg) of EDTA-Dy dressed graphene at 2, 20 and 290 K, where the 
device’s bipolar behavior is obvious. We find that after EDTA-Dy dressing, the 
density of hole carriers decreases. This means the electronic transfer from the 
EDTA-Dy molecules to graphene, which can be understood through the structure of 
EDTA-Dy. The EDTA ligand in EDTA-Dy complex has four –COO- groups which 
chelate with one DyIII ion. The –COO- group has free O2- with large electron density. 
The O2- in –COO- group has a strong tendency to interact with the π electrons of the 
benzene ring of the graphene. 
 Interestingly, the performances of the graphene devices are improved after the 
dressing using the EDTA-Dy coating as also seen in graphene grafted with 
Pt-porphyrins.30 The carrier mobility unexpectedly changes from 1919 to 3226 
cm2V-1s-1 after the external coating. One can see quantum Hall effect (QHE) in the 
devices as shown in Fig. 1(e). The Vg dependence of the longitudinal resistivity 
𝜌𝜌𝑥𝑥𝑥𝑥 and the hall conductivity σ𝑥𝑥𝑥𝑥 were measured in a magnetic field of 12 T at a 
temperature of 2 K. The Hall conductivity goes quantized when the longitudinal 
resistivity approaches zero. The plateau series of 4n+2 is the characteristic 
half-integer QHE of monolayer graphene.31, 32 The zero-filling plateau is clear, 
showing satisfactory electrical transport of the devices. 
 
Suppressed WL and selectively-enhanced KM-type SOI 
The electronic SOI alters the interference in a pair of time-reversal loops, which 
causes the phase shift and quantum modification to the low-field MR curves.33, 34 For 
graphene, E. McCann’s weak localization (WL) theory describes the low-field WL 
correction with a KM-type SOI to the conductivity as below35, 36 
∆σ(B) = − 𝑒𝑒22𝜋𝜋ℎ �−2𝐹𝐹 � 𝐵𝐵𝐵𝐵𝜑𝜑 + 𝐵𝐵𝐾𝐾𝐾𝐾� + 4𝐹𝐹 � 𝐵𝐵𝐵𝐵𝜑𝜑 + 𝐵𝐵∗ + 𝐵𝐵𝐾𝐾𝐾𝐾�
+ 2𝐹𝐹 � 𝐵𝐵
𝐵𝐵𝜑𝜑 + 2𝐵𝐵𝑖𝑖 + 𝐵𝐵𝐾𝐾𝐾𝐾��  ,                          (1) F(z) = ln𝑧𝑧 + 𝜓𝜓�12 + 1𝑧𝑧� ,𝐵𝐵𝜑𝜑,𝑖𝑖,∗,𝐾𝐾𝐾𝐾 = ℏ𝑐𝑐4𝐷𝐷𝑒𝑒 𝜏𝜏𝜑𝜑,𝑖𝑖,∗,𝐾𝐾𝐾𝐾  −1 , 
where 𝜓𝜓 is the digamma function, D is the diffusion coefficient, 𝜏𝜏𝜑𝜑−1 is the inelastic 
dephasing rate, 𝜏𝜏∗−1 is the intravalley symmetry-breaking scattering rate, 𝜏𝜏𝑖𝑖−1 is the 
intervalley scattering rate, and 𝜏𝜏𝐾𝐾𝐾𝐾−1  is the intrinsic KM spin relaxation rate. The 
relaxation length scales are related to the relaxation times as 𝐿𝐿𝜑𝜑,i,∗ = �𝐷𝐷𝜏𝜏𝜑𝜑,i,∗. E. 
McCann et al further predicts that the type of SOI can be identified by analyzing the 
WL features and spin relaxation mechanism.35, 37 When intense SOI is introduced into 
graphene, weak antilocalization and D’yakonov-Perel (DP) spin relaxation suggest the 
dominance of the Rashba-type SOI, while the suppressed WL and EY spin relaxation 
indicate the dominance of KM type SOI. 
The low-field magnetoconductance of the graphene before and after the EDTA-Dy 
dressing is shown in Fig. 2(a) and (b) respectively. The device’s conductance is 
sharply suppressed at zero fields, and its amplitudes decrease with the increasing 
temperature, which is attributed to the WL effect. By tuning Vg, we obtain the same 
charge density of 5.3×1012 cm-2 for the devices both before and after the dressing for 
the same devices. This allows us to compare the SOI strength at the same Fermi level. 
The WL feature of the EDTA-Dy dressed graphene is only around a quarter of that of 
the pristine graphene. This reveals the suppressed WL, agreeing with the KM SOI 
dominant case in E. McCann’s WL theory35.  
The WL features can be tuned by Vg. Applying the gate voltage from -30V to 90V, 
we can find that the amplitudes and shapes of the WL features are changed 
systematically as shown in Fig. 2(c). Fitting all the WL data with Eq. (1), we can 
extract the transport parameters including the spin scattering time 𝜏𝜏𝐾𝐾𝐾𝐾. The typical 
electronic dephasing length 𝐿𝐿𝜑𝜑 , intervalley scattering length 𝐿𝐿𝑖𝑖  and intravalley 
scattering length 𝐿𝐿∗ are 650, 60 and 20 nm respectively. In Fig. 2(d), we plot the 
extracted values of 𝜏𝜏𝐾𝐾𝐾𝐾 against Vg at different temperatures, where we can see 𝜏𝜏𝐾𝐾𝐾𝐾 
increases while Vg is away from the charge neutral point (VDirac≈62 V). It increases 
to over 400 ps by two orders at the negative gate voltages. This demonstrates the 
convenient spin transport control in EDTA-Dy dressed graphene. 
Further discussions reveal the spin relaxation mechanism in the devices. The DP 
procedure occurs through spin precessions while the EY procedure develops through 
the spin flips by the scatterers. They cause distinct dependence of spin relaxation time 
on the elastic scattering time 𝜏𝜏𝑝𝑝 , where 𝜏𝜏𝑝𝑝 = ℎ𝜎𝜎 (2𝑒𝑒2𝜐𝜐𝐹𝐹√𝜋𝜋𝜋𝜋)⁄ . With the 
measurement of conductivity and carrier density at each Vg, we can obtain the values 
of 𝜏𝜏𝑝𝑝. We find that 𝜏𝜏𝐾𝐾𝐾𝐾 is monotonically increasing with 𝜏𝜏𝑝𝑝 as shown in Fig. 2(e), 
which is the signature of the EY spin relaxation. We make the EY plot 𝜏𝜏𝐾𝐾𝐾𝐾 =
𝜏𝜏𝑝𝑝(𝜀𝜀𝐹𝐹 Δ𝐾𝐾𝐾𝐾⁄ )2 in Fig. 2(e), where Δ𝐾𝐾𝐾𝐾 is the strength parameter of the SOI causing 
the spin relaxation and 𝜀𝜀𝐹𝐹 is the chemical potential as compared to the Dirac point. 
Nice fittings are seen at all temperatures, indicating the dominance of the EY 
relaxation. Thus we obtain the effective SOI strength of the EDTA-Dy dressed 
graphene devices.  
We find that the SOI strength increases with the rising temperature both in pristine 
and dressed graphene as shown in Fig. 2(e). It is believed that the SOI (ΔD0) which 
generates the Dirac cone gap will not change with the temperature. We therefore 
extrapolate the data along the linear fitting and expect ΔD0 by checking the intercepts 
at zero temperature. It is found that ΔD0 is quite small for pristine graphene, while it 
achieves 3.3meV after the EDTA-Dy dressing. Such ΔD0 has been large enough to 
accommodate the QSH states in the devices. The temperature-dependent SOI is 
attributed to the electronic scattering by the impurity centers.38, 39  
 
Dressing induced ripples revealed by in-plane magnetic field             
As stated above, both the suppressed WL and successful EY plot reveal the 
selectively enhanced KM-type SOI while dressing the graphene sheet using 
EDTA-Dy molecules. Such external dressing should induce more scattering, but the 
present devices even show improved quantum transport, whose physics forms the 
main question of this work. We propose the ripples caused by the stretching 
EDTA-Dy coating might contribute the pseudo magnetic field (gauge field), which 
prefers the KM-type SOI in graphene.  
Such ripples are revealed by the atomic force microscopy (AFM) measurement as 
shown in Fig. 3(a). The root-mean-square (RMS) roughness of pristine graphene is 
0.66 nm. After EDTA-Dy dressing, the RMS height of graphene increases to 1.64 nm. 
Similar ripples have been described in PTSA coated graphene40. This can be 
understood by the interfacial stretching due to the different temperature-dependent 
shrinking of graphene and the organic film. Such ripples even detach some part of 
graphene from the substrates and suppress the charge scattering from the substrates41, 
42.  
To obtain the in-situ RMS information of the dressed graphene43, we measure the 
MR curves of the device under in-plane fields. As proposed by J. A. Folk et al, the 
ripple configuration in graphene can be measured by applying an in-plane magnetic 
field, when a random vector potential (RVP) field is generated and modifies the MR 
response.44 The RVP-modified magnetoresistivity ∆𝜌𝜌(𝐵𝐵∥) for Gaussian ripples can 
be calculated by a Boltzmann approach 44: 
∆𝜌𝜌(𝜋𝜋, 𝜃𝜃,𝐵𝐵∥) = sin2𝜃𝜃 + 3cos2𝜃𝜃4 1ℏ|𝜋𝜋|3/2 𝑍𝑍2𝑅𝑅 𝐵𝐵∥2,                        (2) 
where 𝜃𝜃 is the angle between the current flow and 𝐵𝐵∥, as shown in the inset of Fig. 
3(b). Z is RMS height and R is correlation length. The graphene before and after the 
EDTA-Dy dressing is measured with θ≈10˚ and 80˚, which gives 𝑍𝑍2 𝑅𝑅 ≈ 0.14 𝜋𝜋𝑛𝑛⁄  
and 0.67 nm respectively by fitting Eq. (2).  
Further measurements have to be carried out to obtain the RMS (Z). Parallel-field 
-generated magnetic flux through the ripples causes orbital effects, due to which the 
phase-coherent WL can be suppressed. For this, we design the experiment to measure 
the WL features driven by a perpendicular field while applying a series of fixed 
parallel fields.  
As known, the WL features driven by a perpendicular field can be formulated as 
below 45  
∆𝜎𝜎(𝐵𝐵⊥) = 𝑒𝑒2𝜋𝜋ℎ �𝐹𝐹 �𝜏𝜏𝐵𝐵−1𝜏𝜏𝜑𝜑−1� − 𝐹𝐹 � 𝜏𝜏𝐵𝐵−1𝜏𝜏𝜑𝜑−1 + 2𝜏𝜏𝑖𝑖−1� − 2𝐹𝐹 � 𝜏𝜏𝐵𝐵−1𝜏𝜏𝜑𝜑−1 + 𝜏𝜏𝑖𝑖−1 + 𝜏𝜏∗−1�� ,            (3) 
where 𝜏𝜏𝐵𝐵−1 = 4𝑒𝑒𝐷𝐷𝐵𝐵⊥/ℏ𝑐𝑐. In Fig. 3(c) the WL is very obvious and the WL scattering 
rates are extracted from measured curves by fitting to Eq. (3), in which 
𝜏𝜏𝜑𝜑
−1, 𝜏𝜏𝑖𝑖−1 and 𝜏𝜏∗−1 are 1.14×1011, 6.01×1010 and 1.18×1014 s-1 respectively for the 
𝐵𝐵∥ = 0 case.  
The WL dip is further suppressed after applying an in-plane field as shown in Fig. 
3(c) and (d), where Eq. (3) is fitted in multiple magnetoconductivity curves with a 
series of 𝐵𝐵∥. During the fitting, 𝜏𝜏𝑖𝑖−1 and 𝜏𝜏∗−1 are fixed. Extracted values of 𝜏𝜏𝜑𝜑−1 
plotted against 𝐵𝐵∥2 are shown in Fig. 3(e), and linear fit confirms the dependence in 
Eq. (4) proposed by J. A. Folk et al44, with 𝑍𝑍2𝑅𝑅 = 1.07 𝜋𝜋𝑛𝑛3. 
                  𝜏𝜏𝜑𝜑−1 → 𝜏𝜏𝜑𝜑−1 + √𝜋𝜋(𝑒𝑒2 ℏ2⁄ )𝜐𝜐𝑍𝑍2𝑅𝑅𝐵𝐵∥2                                       (4) 
By using the values of 𝑍𝑍2 𝑅𝑅⁄  and 𝑍𝑍2𝑅𝑅 , 𝑍𝑍 = 0.62 𝜋𝜋𝑛𝑛  and 𝑅𝑅 = 2.7 𝜋𝜋𝑛𝑛  are 
obtained for Gaussian-correlated ripples for the pristine graphene. Similarly, 
𝑍𝑍 = 1.48 𝜋𝜋𝑛𝑛  and 𝑅𝑅 = 3.2 𝜋𝜋𝑛𝑛  are the ripple dimensions of EDTA-Dy dressed 
graphene. This confirms the ripple generation by the EDTA-Dy coating. 
 
Spin-flexural phonon coupling mode in rippled graphene 
Here we propose that the EY spin relaxation can be interpreted by the flexural 
phonon mode in rippled graphene. This is partially based on the previous study on all 
symmetry-adapted spin-phonon couplings46, where the phonons vibration associated 
to the B2 irreducible representation generates a correction term to the electrons, 
𝐻𝐻𝑝𝑝ℎ = 𝑔𝑔𝜎𝜎𝑧𝑧𝑠𝑠𝑧𝑧ℎ(𝒓𝒓)2,  where ℎ(𝒓𝒓) is the vertical displacement of the atoms, 𝜎𝜎 and 
𝑠𝑠 are Pauli matrices defined in the sublattice and spin, respectively. Considering the 
thermal average, the phonon mode further results in a local term that reads as 
𝐻𝐻𝐾𝐾𝐾𝐾 = ∆(𝒓𝒓)𝜎𝜎𝑧𝑧𝑠𝑠𝑧𝑧. ∆(𝒓𝒓) is proportional to 〈ℎ2〉. The low-energy effective model 
reads as, 
𝐻𝐻𝑒𝑒𝑒𝑒𝑒𝑒 = −𝑖𝑖ℏ𝑣𝑣𝐹𝐹𝜎𝜎 ∙ 𝛻𝛻 + ∆(𝑟𝑟)𝜎𝜎𝑧𝑧𝑠𝑠𝑧𝑧.     (5) 
This effective Hamiltonian becomes a KM-like term and explains the dominance of 
the KM-type SOI in our study. 
This model reasonably predicts that only the in-plane spins would undergo the 
spin-flip during scattering since the z component of spins are conserved. ∆(𝑟𝑟) can be 
treated as disorder characterized by the Gaussian type delta function-correlated 
function, i.e., 〈∆(𝑟𝑟)〉 = 0 and 〈∆(𝑟𝑟)𝛥𝛥(𝑟𝑟′)〉 = ?̅?𝛥𝛿𝛿(𝑟𝑟 − 𝑟𝑟′). Then dealing with the 
disorder average47, 48, 49 (see supplementary), it can be shown that a global effective 
KM-like term would take place in mean-field level. Solving the corresponding 
Schordinger equation, one can obtain the spin-flip probability which reads as 𝛼𝛼 = 𝛥𝛥�2
4𝜖𝜖𝐹𝐹
2. 
This finally lead to a EY type spin relaxation time that satisfy 𝜏𝜏𝑠𝑠 = 𝜀𝜀𝐹𝐹2𝜏𝜏𝑝𝑝/?̅?𝛥2 , 
accounting for the experimental results in Fig.2.  
To further study the temperature dependence of the spin lifetime, we resort to a 
second quantization form of the phonon field. In this form, the spin-phonon 
interaction is reduced to 
𝐻𝐻𝑝𝑝ℎ = ∑ 𝑉𝑉𝒌𝒌,𝒒𝒒,𝒒𝒒′𝒞𝒞𝒌𝒌+𝒒𝒒+𝒒𝒒′+ 𝜎𝜎𝑧𝑧𝑠𝑠𝑧𝑧𝒞𝒞𝒌𝒌(𝑑𝑑𝒒𝒒 + 𝑑𝑑−𝒒𝒒+ )(𝑑𝑑𝒒𝒒′ + 𝑑𝑑−𝒒𝒒′+ )𝒌𝒌,𝒒𝒒,𝒒𝒒′             (6) 
where 𝑉𝑉𝒌𝒌,𝒒𝒒,𝒒𝒒′ = 𝑔𝑔ℏ
2𝜌𝜌�𝜔𝜔𝒒𝒒𝜔𝜔𝒒𝒒′
, ω𝐪𝐪 is the phonon dispersion, ρ is the mass density of the 
Carbon atoms, and 𝒞𝒞𝒌𝒌 is a four-dimensional electron spinor in sublattice and spin 
space. Evaluating the spin-flip scattering probability and using the Fermi's golden 
sum rule, the spin relaxation rate can be obtained. For higher temperature region with 
𝑇𝑇 > ℏ𝜔𝜔𝑭𝑭/𝑘𝑘𝐵𝐵, which is the experimental case50, we arrive at, 
1
𝜏𝜏𝑠𝑠
= 𝐴𝐴𝑇𝑇2 + 𝐵𝐵𝑇𝑇 + 𝐶𝐶   (7) 
where A and B are the second order and first order T-dependence coefficient 
respectively, while C is a constant representing the zero temperature residue 
contribution46 . As an estimation, neglecting the dispersion of phonon and replacing 
the integral by an averaged frequency ω� , then A and B can be found to satisfy A = 64g2kB2kF3
πℏ2vFρ2ω�4
 and B = 64g2kBkF3
πℏvFρ2ω�3
. For experimental values, we take ρ = 7.6 ×10−7 kg ⋅ m−2 and ω� = 10 meV. In addition, g is related to the strength of KM-like 
SOC. From the inset of Fig.2e, g can be set to be g ⋍ 2 eV ⋅ Å−2 . Then, the 
parameter A  and B  can be estimated to be A ⋍ 2.0 × 10−6 K−2ps−1  and B ⋍ 2.3 × 10−4 K−1ps−1, respectively.  
In Fig.4, we fit the experimental 1
τs
− T curve according to Eq.(7), the fitted 
parameters of the first graphene device after EDTA-Dy dressing are found to be A = 1.9 × 10−6 K−2ps−1  and B ⋍ 1.86 × 10−4 K−1ps−1 , in well agreement with 
our estimated values. As can be seen from Fig.4, while it is almost negligible in the 
pristine sample, an obvious temperature dependence of the spin life time is found to 
emerge in the dressed graphene.  
 
Conclusion 
We can selectively enhance the KM-type SOI in graphene by using the EDTA-Dy 
dressing, as evidenced by the suppressed WL and simultaneous EY spin relaxation. 
The SOI strength of 3.3 meV is achieved. The Quantum Hall effect can be seen with a 
4n+2 series of plateaus even after the external dressing. We believe the interfacial 
stretching and local ripple configuration may achieve the simultaneous external SOI 
control and transport improvement. A spin-flexural phonon coupling model is 
proposed. Such subtle control of the electronic properties paves the way towards the 
topological insulator states in graphene. 
  
Methods 
The graphene devices were fabricated on a single crystal grain of chemical vapor 
deposition grown graphene sheet, which were selected by optical microscopy and 
transferred to the Si substrate with a 300-nm-thick SiO2 layer. Standard e-beam 
lithography and metallization processes were used to make the Hall bar structures. 
Electrodes are made of 5-nm-thick Ti and 35-nm-thick Au by the e-beam evaporation. 
The EDTA-Dy complex is prepared according the improved methods reported in 
Ref51. 10 mL aqueous solution of EDTANa2 (7.44 g, 0.02 mol) was added into 10 mL 
aqueous solution of Dy(NO3)3·5H2O (8.77 g, 0.02 mol) with stirring and the pH value 
was adjusted to 6.5 by 1 M NaOH aqueous solution. When the precipitation was 
observed, the additional water was added to 200 mL of the solution. Overnight, 
crystalline product as colorless block of EDTA-Dy appeared.  
The influence of EDTA-Dy coating on graphene was investigated by Raman 
spectroscopy, AFM and electrical transport measurements. Raman spectra were 
measured at room temperature with a Renishaw spectrometer over wave numbers 
from 1000 to 3000 cm-1 with the laser wavelength of 633 nm. The surface 
morphology of the CVD grown graphene was characterized by AFM (Asylum 
Research Cypher S). Electrical transport measurements were done in Cryomagnetics’ 
C-Mag system by a standard low-frequency lock-in technique. Pristine graphene was 
measured in the system and then it was processed by a little drop of EDTA-Dy 
solution. The processed graphene was kept in fuming cupboard for minutes to dry off. 
EDTA-Dy decorated graphene was then recooled and measured in the system. A 
vector magnet is used in in-plane field measurements. The charge density is obtained 
through Hall measurements according to the relation 𝜋𝜋 = 1/qR𝐻𝐻, where q is the 
electronic charge and R𝐻𝐻 is the hall coefficient obtained by fitting 𝑅𝑅𝑥𝑥𝑥𝑥~𝐵𝐵(𝑇𝑇) with 
the linear curve at low magnetic field (±1 T). The carrier mobility can be obtained 
using the relation 𝜇𝜇 = σ/𝜋𝜋q where σ is the conductivity. The mean free path and 
diffusion coefficient of carrier also can be obtained from 𝑙𝑙𝑒𝑒 = ℎ𝜎𝜎/(2𝑞𝑞2√𝜋𝜋𝜋𝜋) and 
𝐷𝐷 = 𝜐𝜐𝐹𝐹𝑙𝑙𝑒𝑒/2, where the fermi velocity 𝜐𝜐𝐹𝐹 ≈ 106 𝑛𝑛/𝑠𝑠. 
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Figure 1. The EDTA-Dy dressed graphene and its device transport. (a) The 
schematic configuration of the device, where the EDTA-Dy (orange ball) coats the 
graphene sheet. (b) Infrared spectrum of the EDTA-Dy complex. The inset is the 
structure of EDTA-Dy, where the green, blue, red and gray balls represent Dy, N, O 
and C atoms respectively. (c) Raman spectrum of EDTA-Dy dressed graphene, 
indicating that the sample is a single layer graphene sheet. (d) Resistance as a function 
of back gate voltage (Vg) for EDTA-Dy dressed graphene at 2, 20 and 290 K. (e) Vg 
dependence of the longitudinal resistivity 𝜌𝜌𝑥𝑥𝑥𝑥  and the Hall conductivity σ𝑥𝑥𝑥𝑥 
measured in a magnetic field of 12 T at a temperature of 2 K, where the Hall 
conductivity goes quantized and the longitudinal resistivity approaches zero. 
 
 
 
  
Figure 2. Selectively enhanced KM-type SOI in the graphene device and 
Elliot-Yafet plot. (a),(b) The weak localization (WL) of pristine and EDTA-Dy 
dressed graphene with the same charge concentration at various temperatures. The 
conductance correction is suppressed after the dressing. (c) The WL features of 
EDTA-Dy dressed graphene at different Vg while fixing the temperature of 2 K. The 
spin scattering time can be extracted from its fitting and the red curves are the fitting 
curves. (d) The spin scattering time of EDTA-Dy decorated graphene plotted against 
Vg at various temperatures. (e) Fitting between 𝜏𝜏𝐾𝐾𝐾𝐾  and 𝜏𝜏𝑝𝑝  using τ𝐾𝐾𝐾𝐾 =
𝜏𝜏𝑝𝑝(𝜀𝜀𝐹𝐹 ∆𝐾𝐾𝐾𝐾⁄ )2, resulting in the SOI strength of EDTA-Dy dressed graphene. The inset 
is ΔD0 of 0.26/3.3 meV for pristine/EDTA-Dy dressed devices, obtained by 
extrapolating the temperature to zero. 
 
 
 
  
Figure 3. Ripple configuration revealed by the vector magnet measurement. (a) 
AFM images of pristine graphene (upper) and EDTA-Dy dressed graphene (down). 
The scale bar is 100 nm. (b) Resistivity of pristine graphene and EDTA-Dy dressed 
graphene dependent on 𝐵𝐵||2. The solid lines are the fitting according to Eq. (2) using 
n=6.44×1012 cm-2 and n=4.27×1012 cm-2. The inset is the measurement configuration. 
(c),(d) B⊥-dependent magnetoconductivity (B⊥<0.04 T), at a series of fixed B||. 
Dashed lines are the fitting according to Eq. (3). (c) and (d) correspond to the 
graphene before and after EDTA-Dy dressing respectively. (e) Extracted values of 
𝜏𝜏𝜑𝜑
−1 plotted against 𝐵𝐵∥2. The dashed lines are the fitting according to Eq. (4).  
 
 
 
 
 
  
Figure 4. Fitting the spin relaxation by the flexural phonon model. This the data 
for the spin life time as a function of temperatures. Box and star dots correspond to 
the graphene devices before and after EDTA-Dy dressing. The solid curves are the fit 
plot according to the flexural phonon theory. 
 
 
 
 
 
 
 
 
 
 sample n(1012cm-2) 𝜇𝜇(cm2V−1s−1) le(nm) D(cm2s-1) Z(nm) R(nm) 
#1 10.68/4.28 1919/3226 64.86/71.67 324/358 0.62/1.48 2.7/3.2 
#2 9.95/2.73 5342/10160 174.3/415.7 871/2078 N.A. N.A. 
#3 4.01/2.72 3033/6112 168.9/268.3 844/1342 N.A. N.A. 
#4 5.29/3.09 1174/6161 31.52/112.6 158/563 N.A. N.A. 
Table I. Device parameters for four samples before (left) and after EDTA-Dy 
dressed (right). N.A. means that the value is not measured. 
